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1.	Introduction
Magnetic	sensors:	what	and	what	not
A	magnetic	sensor	is	a	measuring	or	detection	device	that	makes	use	
of	magnetic	phenomena.

Very	general	de9inition:

Reed	relay MagnetoencephalographyAnti-lock	Braking	System	(ABS)
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1.	Introduction. Magnetic	sensors:	what	and	what	not

Selective	review:
We	will	not	talk	about	every	kind	of	magnetic	sensors.	
Only	most	relevant	technologies	will	be	presented,	illustrated	with	
selected	examples.

No	9ine	details:
The	basic	operating	principle	will	be	examined,	but	not	the	
technological	complexity	of	a	working	device.	

9luxgate	principle 9luxgate	space	magnetometer

H

drive

output
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1.	Introduction. Magnetic	sensors:	what	and	what	not

Focused	description:
Sensor	technology	combines	several	disciplines:	electronics,	signal	
conditioning,	instrumentation,	metrology,	etc…	
We	will	focus	on	the	magnetic	principles.	
In	particular,	we	will	not	directly	deal	with	very	important	aspects	
and	characteristics	of	sensors,	such	as	

calibration,	
accuracy,	
resolution,	
precision,	
noise,	
…	

Recommended	reading:	  
C.	W.	de	Silva,	Sensor	systems:	fundamentals	and	applications	(CRC	press,	2017).	  
ISBN:	9781498716246	
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1.	Introduction
Magnetic	materials	for	sensors

Main	requisites:
Large	permeability		
• high	sensitivity	to	small	magnetic	bields	
• intensify	the	bield		
• concentration	and	guiding	of	magnetic	blux	

Low	magnetic	hysteresis	
• well	debined	magnetic	state	
• reduce	losses

B

H

Soft	magnetic	materials

Other	requisites:
Mechanical,	thermal,	…	properties		
Availability,	price,	…	

B	=	µH
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Introduction Magnetic	materials	for	sensors

Fe-Ni	alloys:
Permalloy	(Fe100-xNix)	presents	
very	low	crystalline	anisotropy	
and	magnetostriction.

Other	related	materials:	
• Supermalloy	(with	Molybdenum)	
• Mumetal	(with	Copper)

With	x~	80	at.	%,	µ	>	105.
µ0Ms	~1	T.

Extensive	documentation	on	properties:	  
R.	M.	Bozorth,	Ferromagnetism	(IEEE	press,	1991).	  
ISBN:	0-7803-1032-2	
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Introduction Magnetic	materials	for	sensors
Amorphous	alloys:
Amorphous	materials	lack	crystalline	order.	The	atomic	conbiguration	
presents	topological	and	chemical	disorder	(if	alloys).

1ª Parte. La preparación de muestras

18

(a) (b) (c) (d) (e)

1.5 La electrodeposición de amorfos

Aspectos estructurales

Todos los materiales metálicos amorfos a temperatura ambiente son aleaciones. El
mecanismo de deposición de una aleación puede ser considerado similar al descrito para
un sólo elemento en la figura 1.3. Si consideramos una aleación binaria, son dos los tipos
de átomos que sufren los procesos de deshidratación y transferencia de carga y los que,
en el último paso, se difunden por la superficie del electrodo para formar a la aleación.
Las características del depósito dependen del carácter de los elementos depositados y de
los compuestos que con ellos pueden formarse. Siguiendo a Watanabe [10], para
determinar la naturaleza del depósito, tres son los factores a tener en cuenta, en el
siguiente orden de importancia: La diferencia de afinidad entre los átomos depositados; la
diferencia entre los sistemas cristalinos de los elementos puros (o simplemente entre sus
números de coordinación) y la diferencia de tamaños de los átomos depositados.

Cuando la afinidad entre átomos de la misma especie es mayor que la existente entre
átomos de distinto tipo, se producen aglomeraciones de átomos idénticos, cada uno con
su correspondiente sistema cristalino, dando lugar a una estructura de tipo eutéctico,
como se representa en la figura 1.5 (a). En este caso no se produce la formación de un
compuesto, sino que las dos fases cristalinas conviven en el depósito.

Cuando la afinidad entre átomos de diferente tipo es mayor que entre átomos del
mismo tipo, se produce la formación de la aleación. Si ambos tienen la misma estructura
cristalina, siendo similares los tamaños de ambos tipos de átomos, se producen
soluciones sólidas (fig. 1.5(b)) o fases metaestables ordenadas (c) que evolucionan, con
un tratamiento térmico, hacia compuestos intermetálicos estables (e). Cuando los sistemas
cristalinos son diferentes o existe una gran desproporción de tamaño en los átomos, la
distribución atómica tiene posibilidades de producirse de manera desordenada, dando
lugar a una aleación amorfa como en la figura 1.5(d). Esta fase amorfa es también
metaestable, evolucionando hacia compuestos estables con tratamientos térmicos.

Figura 1.5. Diferentes tipos de estructuras posibles en una aleación
depositada electrolíticamente. (a) cristalina estable: estructura eutéctica. (b)
cristalina estable: solución sólida. (c) cristalina metaestable. (d) amorfa
metaestable. (e) cristalina estable: compuesto intermetálico.

Amorphous	ferromagnetic	
materials	can	be	obtained	by	
alloying	Fe,	Co,	Ni	(~80	at.	%)	
with	metalloids	as	B,	P,	Si,	C,	etc	
(~20	at.%)	by	rapid	quenching	
from	the	melt	(106	degrees	per	
second).

gas	pressure

molten	alloy

rotating	cold	
wheel

induction	
coil

Also	called	metallic	glasses.
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Introduction Magnetic	materials	for	sensors
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Amorphous	ferromagnetic	
materials	can	be	obtained	by	
alloying	Fe,	Co,	Ni	(~80	at.	%)	
with	metalloids	as	B,	P,	Si,	C,	etc	
(~20	at.%)	by	rapid	quenching	
from	the	melt	(106	degrees	per	
second).

gas	pressure

molten	alloy

rotating	cold	
wheel

induction	
coil

Also	called	metallic	glasses.

J.	M.	Silveyra	et	al,	Science	362,	eaao0195	(2018).
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Introduction Magnetic	materials	for	sensors

The	softness	comes	from	
• lack	of	crystalline	anisotropy	
• no	defects	of	grain	boundaries	for	domain	wall	pinning.

Hysteresis	loop	of	a	Co-Fe-B	amorphous	ribbon

Ackland	et	al.	AIP	Advances	8,	056129	(2018)

As	an	example:	
Fe40Ni38Mo4B18	(Metglas	2628SC)
µmax	=	4	×	105.
µ0Ms	=	0.88	T.

F.E.	Luborsky,	Amorphous	ferromagnets,	
in:	Handbook	of	Ferromagnetic	Materials,	
Vol.	1,	Chapter	6.	Elsevier	(1980)	pp.	451-529.	
ISBN	9780444853110

P.	Hansen,	Magnetic	amorphous	alloys,		
in:	Handbook	of	Magnetic	Materials,	
Chapter	4.	Elsevier	(1991)	pp.	289-452.
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2.	Sensing	principles	and	examples
Inductive	sensors

Michael 
Faraday  

(1791- 1867)
source:	physicsabout.com

Basic	underlaying	principle:	Faraday’s	induction	law

Different	con9igurations,	based	on:

" = �d�

dt
<latexit sha1_base64="QC+zC+hZnrzhkVvp5PW0HTxwC6w=">AAACG3icbZA7TwJBFIVn8YX4WrW0mUBMbCS7aKKNhsTGEhN5JCwhs8NdmDD7yMxdEiT0/gn/gq32dsbWwtZf4oAUAp5mztxzJpn7+YkUGh3ny8qsrK6tb2Q3c1vbO7t79v5BTcep4lDlsYxVw2capIigigIlNBIFLPQl1P3+zSSvD0BpEUf3OEygFbJuJALBGZpR2857A6Yg0ULGEb2ip9QLFOOjDvWSnhibE8dtu+AUnanosnFnpkBmqrTtb68T8zSECLlkWjddJ8HWiCkUXMI456UaEsb7rAuj6QZjehzEimIP6PQ+12Ch1sPQN52QYU8vZpPhv5lGEFEI+GDSyTYG0t+8mWJw2RqJKEkRIm5KJgtSSTGmE1C0IxRwlENjGFfC/J3yHjNw0ODMGSjuIoJlUysV3bNi6e68UL6e4cmSI5InJ8QlF6RMbkmFVAknj+SZvJBX68l6s96tj99qxpq9OSRzsj5/AJEboJU=</latexit>

� =

Z

S

~B · d~s
<latexit sha1_base64="Vy0eF3Q2GCPWJqac90xg8LqSVhw=">AAACHXicbZC7TgJBFIZnvSLeUEubiWhiRXbRRBsN0cYSo1wSlpDZ4cBOmL1k5iwJEl7Al/AVbLW3M7bG1idxwC0E/Kv/nP+fZM7nxVJotO0va2FxaXllNbOWXd/Y3NrO7exWdZQoDhUeyUjVPaZBihAqKFBCPVbAAk9Czetdj/NaH5QWUXiPgxiaAeuGoiM4Q7Nq5Q7d2Bf0groixNYddfvAh1cj6vJ2hLQ9GfWolcvbBXsiOm+c1ORJqnIr9+22I54EECKXTOuGY8fYHDKFgksYZd1EQ8x4j3VhOLlhRI86kaLoA53MUw0WaD0IPNMJGPp6Nhsv/800gggDwAeTUnOnwfQ3byTYOW8ORRgnCCE3JZN1EkkxomNUtC0UcJQDYxhXwvydcp8pxtEAzRooziyCeVMtFpyTQvH2NF+6TPFkyD45IMfEIWekRG5ImVQIJ4/kmbyQV+vJerPerY/f6oKVvtkjU7I+fwD5pqFV</latexit>

• changes	on	self-inductance � = LI
<latexit sha1_base64="ZilcWbru3MBBunmu2FZftCVIpTE=">AAACAXicbZA7SwNBFIVnfcb4ilraDAbBKuxGQRslYKNgEcE8MAlhdnI3GTI7u8zcFWJI5V+w1d5ObP0ltv4SJ3ELk3iqM/ecgXs/P5bCoOt+OQuLS8srq5m17PrG5tZ2bme3aqJEc6jwSEa67jMDUiiooEAJ9VgDC30JNb9/Oc5rD6CNiNQdDmJohayrRCA4Qzu6b8Y9Qc/pDb1u5/JuwZ2IzhsvNXmSqtzOfTc7EU9CUMglM6bhuTG2hkyj4BJG2WZiIGa8z7ownOw5oodBpCn2gE7eUw0WGjMIfdsJGfbMbDYe/psZBKFCwEebUnuNRfE3byQYnLWGQsUJguK2ZLMgkRQjOsZBO0IDRzmwhnEt7O6U95hmHC20rIXizSKYN9ViwTsuFG9P8qWLFE+G7JMDckQ8ckpK5IqUSYVwosgzeSGvzpPz5rw7H7/VBSf9s0em5Hz+ALNoldk=</latexit>

• changes	on	mutual-inductance � = MI
<latexit sha1_base64="pE7x4LHNgmCVSlimFEBHsd8osG0=">AAACAXicbZA7SwNBFIVnfcb4ilraDAbBKuxGQRslYKOFEME8MAlhdnI3GTI7u8zcFWJI5V+w1d5ObP0ltv4SJ3ELk3iqM/ecgXs/P5bCoOt+OQuLS8srq5m17PrG5tZ2bme3aqJEc6jwSEa67jMDUiiooEAJ9VgDC30JNb9/Oc5rD6CNiNQdDmJohayrRCA4Qzu6b8Y9Qc/pDb1u5/JuwZ2IzhsvNXmSqtzOfTc7EU9CUMglM6bhuTG2hkyj4BJG2WZiIGa8z7ownOw5oodBpCn2gE7eUw0WGjMIfdsJGfbMbDYe/psZBKFCwEebUnuNRfE3byQYnLWGQsUJguK2ZLMgkRQjOsZBO0IDRzmwhnEt7O6U95hmHC20rIXizSKYN9ViwTsuFG9P8qWLFE+G7JMDckQ8ckpK5IqUSYVwosgzeSGvzpPz5rw7H7/VBSf9s0em5Hz+ALT+ldo=</latexit>



THE  EUROPEAN  SCHOOL  ON

MAGNETISM Brno,	september	12,	2019	 !14

1.	Sensing	principles. Inductive	sensors
Magnetic	circuits:
Magnetic	materials	guide	and	concentrate	the	magnetic	bield

Electric	motor

The	blux	circulates	through	the	path	created	
by	the	high	permeability	magnetic	materials.
There	is	a	close	analogy	to	electric	circuits:

Electric	circuit Magnetic		circuit
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Sensing	principles Inductive	sensors L

x

!

displacement

Changes	in	the	reluctance	of	the	magnetic	
circuit,	modibies	the	magnetic	blux.

They	can	detect	any	ferrous	(magnetic)	object

signal	output

angular	encoder

Anti-lock	Braking	System	(ABS)

Variable	reluctance	sensors:

Example:
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Sensing	principles Inductive	sensors

Eddy	current	sensors:
The	alternating	magnetic	bield	produces	
eddy-currents	in	the	target,	which	not	
need	to	be	magnetic,	only	a	good	
conductor.

source:	contrinex.com

Used	as	presence	detectors.

target

coil
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Sensing	principles Inductive	sensors

Linear	variable	differential	transformers	(LVDT):

The	mutual	inductance	between	the	
excitation	coil	and	the	sensing	coils	is	
modibied	by	the	position	of	a	magnetic	
core.
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Sensing	principles Inductive	sensors
LVDTs	present	excellent	performance	for	position	sensing.

• surface	pro9ilometry

source:	kla-tencor.com
pivot

LVDT

stylus

sample	surface

• civil	engineering

• materials	testing

• metrology	
• CNC	machining	tools	
• …
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Fluxgate	sensors

Sensing	principles Inductive	sensors

Exemplify	the	use	of	non-linearities	in	magnetic	sensors.

The	excitation	drives	the	core	to	saturation.

magnetic	core

excitation	coil detection	coil
external	bield

The	blux	in	the	detection	coil	becomes	“gated”

Basic	set-up:

B (!)

H

H (Iexc)

t

t

t

Vind

!

H0
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Sensing	principles Inductive	sensors

Only	odd	harmonics even	harmonics

H0	=	0	(no	external	bield) H0	>	0	(small	external	bield)

The	amplitude	of	the	second	harmonic	is	proportional	to	the	external	bield.

B (!)

H

H (Iexc)

t

t

t

Vind

! B (!)

H

H (Iexc)
t

t

t

Vind

!

H0

Fluxgate	signals:
external	bield

H0
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Sensing	principles Inductive	sensors

The	direct	blux	in	the	sensing	coil	complicates	the	measurement.	A	differential	approach	is	better:	

Iexc

Vind

single	core	bluxgate		
(original	conbiguration)	

Iexc

Vind

double	core	bluxgate		
(differential	conbiguration)

Iexc

Vind

ring	type	bluxgate		
(simplibied	evolution		
of	double	core)
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Sensing	principles Inductive	sensors
Fluxgate	are	very	sensitive	vectorial	sensors	(magnitude	and	direction)

• laboratory	and	geophysical	measurements

Resolution	10	pT	and	1	nT	precision.

source:	space.dtu.dk

• submarine	detection		
(airborne	magnetometer	used	in	WWII)

source:	9light-mechanic.com

• aircraft	and	land	
vehicles	navigation

• space	applications

source:	geomag.nrcan.gc.ca



THE  EUROPEAN  SCHOOL  ON

MAGNETISM Brno,	september	12,	2019	 !23

January 1 - June 30, 2014

http://www.esa.int/Our_Activities/Observing_the_Earth/Swarm/Swarm_reveals_Earth_s_changing_magnetism

Earth	surface	magnetic	bield
Measured	by	Swarm	constellation	of	three	satellites	(European	Space	Agency).	

Sensors	form	Technical	University	of	Denmark	(DTU).
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Sensing	principles Inductive	sensors

L.	Chiesi	et	al.,	Sens.	Actuators	A	82	(2000)	174-180

Fluxgates	tend	to	be	bulky.	 
Micromachined	devices	are	possible,	but	with	decreased	performance.

JM Barandiarán 2008 20

Grupo de Magnetismo y
Materiales Magnéticos

Magnetismo eta Material 
Magnetikoen Taldea

Universidad 

del Pais Vasco

Euskal Herriko

Unibertsitatea

eman ta zabal zazu

INTEGRATED FLUXGATE SENSOR

CMOS integrated fluxgate sensor based on amorphous ferromagnetic ribbons

L. Chiezi, P. Kejik, B. Jannosy, R. S. Popovic,"CMOS planar 2D microfluxgate

sensor",Sensors and Actuators A, Vol. 82 (2000) 174-180

Micro	bluxgate	fabricated	with	CMOS	technology,	incorporating	excitation	and	signal	conditioning.
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2.	Sensing	principles	and	examples
SQUID	sensors

Superconducting	QUantum	Interference	Devices	are	based	on	
• superconductivity	(current	blow	without	resistance)	
• Josephson	effect	(tunnelling	of	supercurrents)

I

V

IC

superconductor

weak	link:	normal	conductor	or	insulator

Cooper	pair

Josephson	junction

superconductor

voltage	output

magnetic	bield

Josephson	
junction

bias	current	~2Ic

current	induced	  
(to	oppose	changing	blux)
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Sensing	principles SQUID	sensors

There	are	both	ac	and	dc	SQUIDS.	Today	they	can	also	be	made	with	
high	temperature	superconductors.	

Best	dc	SQUIDS	reach	resolutions	of	the	order	of	1	fT	(10-15	T).		
The	main	drawback:	complex	equipment	due	to	low	temperatures.

In	applications,	the	blux	is	translated	to	the	SQUID	sensor	using	a	
transformer	made	of	superconducting	wire	to:	
• protect	the	SQUID	from	external	interferences.	
• increase	the	resolution	(above	the	limit	of		the	quantum	blux:	  

!0	=	2.07	×	10-15	Wb).
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source:	lot-qd.de	LOT-QuantumDesign

Sensing	principles SQUID	sensors
SQUIDs	are	used	to	measure	very	small	magnetic	bields.	
Magnetometers
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Magneto-encephalography

Sensing	principles SQUID	sensors
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D.	Pitcher,	J.	Neuroscience,	34	(2014)	9173-9177

Sensing	principles SQUID	sensors
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JM Barandiarán 2008 36

Grupo de Magnetismo y
Materiales Magnéticos

Magnetismo eta Material 
Magnetikoen Taldea

Universidad 

del Pais Vasco

Euskal Herriko

Unibertsitatea

eman ta zabal zazu

Sensor capaz de detectar 100 µg del

marcador magnético a 30 mm del extremo

Señal biomédica Medida con SQUID*

Cáncer de pecho

*) Quentin Pankhurst (London Centre for Nanotechnology)

Sensing	principles SQUID	sensors

Magneto-cardiography

Diagnostic	tools

source:	Prof.	Q.	Pankhurst
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2.	Sensing	principles	and	examples
Hall	sensors

Caused	by	the	interaction	of	electric	current	carriers	with	the	
magnetic	bield

Hall	effect

VH =
IB

nde
<latexit sha1_base64="NSi7aZFc9X7dSDWm9x/kF11c4ik=">AAAB7nicbZDLSsNAFIZPvNZ6i4orN4NFcFWSKuhGKbqpuwr2Am0pk+lJO3RyYWYilJDXcCfiTvQtfAvfxmnNpq3/6p/z/wPnO14suNKO82OtrK6tb2wWtorbO7t7+/bBYVNFiWTYYJGIZNujCgUPsaG5FtiOJdLAE9jyxvfTvPWMUvEofNKTGHsBHYbc54xqM+rbx81+7abrS8rSB3KXpSEZEMz6dskpOzORZePmpgS56n37uzuIWBJgqJmgSnVcJ9a9lErNmcCs2E0UxpSN6RDT2dIZOfMjSfQIyew916CBUpPAM52A6pFazKbD/7JOov3rXsrDONEYMlMxmZ8IoiMyZScDLpFpMTGGMsnNboSNqGHX5kJFA+0uIi6bZqXsXpQrj5el6m2OX4ATOIVzcOEKqlCDOjSAQQrv8AlfVmy9WK/W2191xcr/HMGcrI9fa7mOAQ==</latexit>

Lorentz	force	on	carrier: ~F = q~v ⇥ ~B
<latexit sha1_base64="tQ6YOrbWzwhwYvdPCYSEEE3gSxI=">AAAB9nicbVDLSsNAFJ3UV62vqEsRBovgqiRV0I1SFMRlBfuAppTJ9KYdOnk4MymWkJX/4U7Enegf+Bf+jdOYTVvP6tx7zoVzrhtxJpVl/RiFpeWV1bXiemljc2t7x9zda8owFhQaNOShaLtEAmcBNBRTHNqRAOK7HFru6Gaqt8YgJAuDBzWJoOuTQcA8RonSq5556IyBJrfp5WNGxqmjmA8yG67Tnlm2KlYGvEjsnJRRjnrP/Hb6IY19CBTlRMqObUWqmxChGOWQlpxYQkToiAwgycKn+NgLBVZDwNk84yC+lBPf1R6fqKGc16bL/7ROrLyLbsKCKFYQUG3RmhdzrEI8/QHuMwFU8YkmhAqms2E6JIJQpT9V0qXt+YqLpFmt2KeV6v1ZuXaV1y+iA3SETpCNzlEN3aE6aiCKntE7+kRfxpPxYrwab3/WgpHf7KMZGB+/pD+S7Q==</latexit>

Electric	bield	by	charge	buildup: E = VH/w
<latexit sha1_base64="Y2sq7JgNt4qUTju89qpRLkj+F7Q=">AAAB3nicbVDLTgJBEOzFF+IL9ehlIjHxhLtoohcNiTHhiIk8EiA4O8zChNmdzUyvhhCu3ozxZvRv/Av/xgH3Alin6q7qpKr9WAqDrvvjZFZW19Y3spu5re2d3b38/kHdqEQzXmNKKt30qeFSRLyGAiVvxprT0Je84Q9vp3rjiWsjVPSAo5h3QtqPRCAYRbtq3F3Xu5Wz526+4BbdGcgy8VJSgBTVbv673VMsCXmETFJjWp4bY2dMNQom+STXTgyPKRvSPh/PQk7ISaA0wQEns3nOQUNjRqFvPSHFgVnUpsv/tFaCwVVnLKI4QR4xa7FakEiCiky7kp7QnKEcWUKZFjYbYQOqKUP7kZwt7S1WXCb1UtE7L5buLwrlm7R+Fo7gGE7Bg0soQwWqUAMGQ3iHT/hyHp0X59V5+7NmnPTmEObgfPwCPCWIJQ==</latexit>

Carrier	velocity:

e
w

v =
I

newd
<latexit sha1_base64="8OtBLOX8Fw+92WcWHhZbrLdfjRM=">AAAB6XicbZDLSsNAFIZP6q3WW9Slm8EiuCpJFXSjFNzoroK9QFvKZHrSDp1cmJlUSshDuBNxJ/ogvoVv47Rm09Z/9c/5/4HzHS8WXGnH+bEKa+sbm1vF7dLO7t7+gX141FRRIhk2WCQi2faoQsFDbGiuBbZjiTTwBLa88d0sb01QKh6FT3oaYy+gw5D7nFFtRn3bntx0fUlZ+pClIT4Psr5ddirOXGTVuLkpQ6563/7uDiKWBBhqJqhSHdeJdS+lUnMmMCt1E4UxZWM6xHS+b0bO/EgSPUIyfy80aKDUNPBMJ6B6pJaz2fC/rJNo/7qX8jBONIbMVEzmJ4LoiMywyYBLZFpMjaFMcrMbYSNqwLU5TslAu8uIq6ZZrbgXlerjZbl2m+MX4QRO4RxcuIIa3EMdGsBgAu/wCV/W2HqxXq23v2rByv8cw4Ksj1+WTo0d</latexit>

I	=	100	mA
B	=	50	mT
d	=	120	µm
n	=	1022	m-3

VH	=	25	mV

I

I
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Sensing	principles Hall	sensors

Made	of	semiconductor	materials:	
Si,	InSb,	GaAs,	etc.	

Hall	ICs:		
fully	integrated	in	a	IC	chip	with	
electronics	to	provide	signal	
conditioning	(amplibication,	offset	
correction,	signal	processing,	…)

Hall	IC:	Asahi	Kasei	Microdevices	akm.com	

http://akm.com
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Sensitivity	enhancement	and	three	axis	measurement	are	possible	
with	a	magnetic	bield	concentrator:

Hall	sensors	are	
sensible	to	

perpendicular	bields

A	magnetic	concentrator	
(permalloy	bilm)	is	
deposited	on	top

The	in-plane	bields	
develop	perpendicular	

components

Calibration	and	signal	processing	allows	
to	determine	the	three	components	of	the	

original	magnetic	bield	

Sensing	principles Hall	sensors
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Electronic	compass Commutation	in	bushless	DC	motors

Current	measurement
Magnetic	encoders

Sensing	principles Hall	sensors
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2.	Sensing	principles	and	examples
Magnetoresistance	sensors

Classical	Magnetoresistance:
Occurs	in	all	conductors,	but	more	evident	in	semiconductors.	Same	
origin	as	Hall	effect.

I

B

w

l

R(B) / (1� 0.54
l

w
)B2
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Feldplatte	sensors,	with	traversal	
NiSb	needles.	Developed	by	Weiss	
(1966),	comercialized	by	
Siemens.

The	magnetic	bield	
modibies	the	trajectories	
of	the	carriers,	increasing	
the	resistance

There	is	a	geometry	
effect.	Short	and	wide	
elements	are	preferred.
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Anisotropic	Magnetoresistance	AMR:

Sensing	principles Magnetoresistance	sensors

In	ferromagnetic	metals,	the	resistivity	depends	on	the	orientation	of	
the	magnetization	with	respect	to	the	direction	of	the	current.

M

B

II

C.	Wang	et	al.	IEEE	Trans.	Magn.	54	(2018)	2301103

"

"
In	soft	materials,	it	is	very	sensitive	to	
small	magnetic	bields.

Usually	made	of	Permalloy	thin	bilms,	with	a	
well	debined	magnetization	direction.

“Barber-pole	geometry	to	operate	in	the	
linear	region.

�R/R ⇠ 2� 4%
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Extensive	information	on	AMRs:	
S.	Tumansky,	Thin	9ilm	magnetoresistive	sensors,	
IoP	Publishing,	2001.

AMR	sensors	are	very	sensible	to	small	magnetic	bields.	They	need	
additional	circuitry	for	reseting	to	known	state	and	compensation.

They	are	very	extended	in	industrial	
applications	as	electronic	
compasses,	current	sensors,	etc.

Philips	KMZ51	Layout

Sensing	principles Magnetoresistance	sensors

Compass	sensor	comparison

Hall* Fluxgate AMR

sensitivity small high medium-
high

range medium large Small-
medium

size small large small-
medium

price low high medium
*	with	bield	concentrator
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Giant	Magnetoresistance:
Origin	of	spintronics.	2007	Nobel	prize.

Albert	Fert Peter	Grünberg

source:	fz-juelich.de

Magnetic/non-Magnetic	multilayers.	

�R/R ⇠ 100%
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H	=	0 H	=	Hs

Two	currents	model
carriers 
movement

all	electrons	experience	spin	scattering
H

no	all	electrons	experience	spin	scattering

Sensing	principles Magnetoresistance	sensors
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Spin	valves:
First	evolution	of	basic	GMR

Antiferromagnetic

pinned	layer

non-magnetic	spacer

Free	layer

The	free	layer	magnetization	
rotates	in	small	bield	

Tunneling	Magnetoresistance	(TMR):
Actual	GMR	devices

Magnetic	Tunnel	Junctions	
(MTJ)	are	composed	of	

multiple	layers	
ferromagnetic

ferromagnetic

insulator

J-Y.	Choi,	Scientibic	Reports	8,	2139	(2018)

Sensing	principles Magnetoresistance	sensors
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GMR,	especially	MTJ	are	driving	the	progress	in	many	applications
Read	heads	in	hard	discs

Magnetic	RAM	(MRAM)

source:	www-ssrl.slac.stanford.edu

S.	Bhatti,	Materials	Today	20	(2017)	530

Spin	Transfer	Torque	(STT)	MRAM“old”	MRAM

Sensing	principles Magnetoresistance	sensors
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10-14 10-12 10-10 10-8 10-6 10-4 10-2 100 102 104

Search	coil	(inductive,	ac	bields)

AMR

Hall

Fluxgate

SQUID

GMR

*

*	With	blux	concentrator

Earth	magnetic	Kield

Magnetic	bield	(T)

Comparative	chart	of	magnetic	Kield	sensors

Range	limits	are	indicative
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2.	Sensing	principles	and	examples
Magnetoelastic	sensors

Example	of	magnetic	sensors	based	on	coupled	properties,	in	this	
case,	elastic	and	magnetic.
Magnetostriction:
change	in	length	in	the	direction	of	the	magnetization

l

Δl

H

H

JM Barandiarán 2008 48
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MAGNETOSTRICTION

Length changes upon magnetization ! 10-5
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Important	applications	in	actuators
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Sensing	principles Magnetoelastic	sensors

Magnetoelasticity: M	=	0

M	=	Ms

##

M	>	0
##

Inverse	phenomenon:	
change	in	magnetization	when	
strained	(under	a	stress).

Important	consequences	in	the	magnetization	process.	
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#

v(t)

#

Direct	application	in	sensors

Sensing	principles Magnetoelastic	sensors

Pressductor	force	sensor	(ABB)

Especial	relevance	in	torque	sensors	for	rotating	shafts	because	of	
non-contact	nature

+#

+# -#

-#$ high	µ	pathlow	µ	path

The	torsion	deforms	the	
surface

with	strains	of	opposite	
sign	at	45°

causing	the	permeability	
to	change	differentially

signal	induced	due	to	
magnetization	changes
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Sensing	principles Magnetoelastic	sensors

Torductor	(ABB)	for	propeller	  
shafts	in	ships

primary	coil

sensing	coil

1

2

3
4

blux	lines

high	µ	path

low	µ	path

sensing	coils Torductor-S	(ABB)	for	high	end	motorsport	  
(Moto	GP	and	F1)
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Sensing	principles Magnetoelastic	sensors
Magnetostrictive	delay	line:
Strain	waves	in	solids	propagate	at	sound	velocity.		
Magnetostriction	couples	strain	to	magnetization	producing	the	
propagation	of	magnetoelastic	waves.

traveling	magnetoelastic	wave

Frictionless,	time	of	blight	position	sensors

MTS.com	temposonic	position	sensors
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Sensing	principles Magnetoelastic	sensors
Magnetoelastic	resonance
Magnetostriction	makes	materials	to	vibrate	in	alternate	bields

h(t)	=	ho	sen	ωt

v(t)

!n = n⇡

p
E/⇢
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When	the	wavelength	matches	the	length	of	the	sample,	
standing	waves	builds	up,	and	resonance	takes	place.
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(it	produces	the	hum	of	electrical	transformers)

E:	Youngs	modulus;	%:	density;	l:	length
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External	factors	modify	the	resonance.	For	example,	the	viscosity	of	
the	medium	in	which	the	sample	oscillates.

Sensing	principles Magnetoelastic	sensors
Oil	viscosity	sensor:

amorphous	ribbon	lubricant	oils	with	different	viscosities
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I.	Bravo	et	al.	IEEE	Trans.	Magn.	55	(2019)	4001105.
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Sensing	principles Magnetoelastic	sensors

Anti-shoplifting	labels:

interrogation	
signal tag	

response
Requisites:	
• simple	activation	-	deactivation	of	
labels	

• high	sensibility	(low	amplitude	signals)	
• low	price	
• robust	detection,	no	false	alarms.

Electronic	article	surveillance	systems

Magneto-acoustic	labels	are	based	in
• magnetoelastic	resonance
• ∆E	effect
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Sensing	principles Magnetoelastic	sensors

∆E	effect

Young's	modulus	E	relates	stress	and	strain	

E =
�
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In	a	ferromagnetic	material,	magnetostriction	
imposes	an	additional	strain	

&

'

non-magnetic	
elastic	material

magnetic	
material E

H

∆E

The	resonance	frequency	can	be	tuned	with	an	applied	magnetic	bield

!n = n⇡

p
E/⇢
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magnetoelastic	resonance	
frequency
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Sensing	principles Magnetoelastic	sensors
acousto-magnetic tag

plastic sleeve

magnetostrictive element

bias magnet

magnetostrictive	
amorphous	ribbon
magnet	to	produce	Ha	that		
bias	the	amorphous	ribbon

plastic	sleeve

Activated		tag

58	kHz
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Sensing	principles Magnetoelastic	sensors

De-activated		tag

The	tag	is	deactivated	at	the	counter	
by	demagnetizing	the	magnet. ~60	kHz
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Encyclopedia of  Sensors

Volume 5

Craig Grimes et al.

 (Editors)

Many	more	details	on	magneto	elastic	sensors:	Encyclopedia	of	Sensors,	Volume	5.

Sensing	principles Magnetoelastic	sensors
More	on	anti-shoplifting	labels	in	G.	Herzer,	J. Magn. Magn. Mater. 254-255 598-602	(2003).	
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Summary
Magnetic	sensors	detects	primarily	magnetic	bields,	but	also	
magnitudes	of	other	different	types,	using	magnetic	phenomena.		
We	have	surveyed	some	well-stablished	technologies	and	
presented	successful	devices	based	on	them:	
• Inductive	(presence	by	reluctance	and	eddy	current	sensors,	
position	by	LVDT,	geomagnetism	by	bluxgate,…)	

• Squid	(magnetometry,	magneto-encephalography,	…	)	
• Hall	(magnetic	compasses,	current	sensors,	encoders,	…)	
• Magnetoresistances	(read-heads,	MRAM,	…)	
• Magnetoelastic	sensors	(torque,	anti-shoplifting	labels,	…)
There	are	many	other	types	of	magnetic	sensors	and	technologies.	
P.	Ripka,	Magnetic	Sensors	and	Magnetometers,	2001,	Artech	House,	ISBN1580530575.	

New,	emerging	technologies,	promises	exciting	new	developments	
(spintronics,	vortex	and	skyrmions,	…)


